Fusarium head blight (FHB), mainly caused by Fusarium graminearum, is a devastating disease of wheat (McMullen et al. 1997) . In addition to causing losses in grain yield and quality, the disease leads to severe and harmful contamination of the grain with fungal toxins. Japanese northern winter wheat varieties are much less resistant to FHB than spring wheats developed in southern China or southwestern Japan (Nishio et al. 2004) . A number of genetic resources for FHB resistance have been reported from various gene pools (Snijders 1990 , Wan et al. 1997 ). In the FHBresistant cultivar 'Sumai 3' and its derivative 'Ning 7840,' two or three major resistance genes have been identified (Van Ginkel et al. 1996, Ban and Suenaga 2000) . In further DNA-marker studies of spring wheat, quantitative trait loci (QTL) associated with FHB resistance have been identified and mapped on chromosomes 2DL (Somers et al. 2003) , 3BS (Anderson et al. 2001 , Buerstmayr et al. 2002 , Buerstmayr et al. 2003 , Somers et al. 2003 , Waldron et al. 1999 , Zhou et al. 2002 , 4BS (Somers et al. 2003) , 5AS (Buerstmayr et al. 2002) and 6BS (Anderson et al. 2001) . Among these QTLs, the QTL on chromosome 3BS exerted major effects on FHB resistance in several wheat populations derived from different genetic backgrounds (Anderson et al. 2001 , Buerstmayr et al. 2002 , Buerstmayr et al. 2003 , Zhou et al. 2002 .
FHB resistance is largely limited to spring wheat (Van Ginkel et al. 1996, Ban and Suenaga 2000) , and known FHB-resistant winter wheat displays only a moderate resistance (Paillard et al. 2004 , Liu et al. 2005 , Schmolke et al. 2005 . Due to the need to maintain winter hardiness traits and the complex inheritance of FHB resistance, which are also considerably influenced by environmental conditions, breeding for FHB resistance in winter wheat is difficult. To obtain winter-hardy FHB-resistant lines, the FHB resistance of spring wheat germplasm such as that of 'Sumai 3' must be transferred to the winter wheat genome. The knowledge and availability of DNA markers closely linked to FHB resistance suggest that molecular marker-based selection could be a powerful tool to screen resistant lines in breeding programs. In the current study, the effectiveness of reported microsatellite DNA markers on chromosome 3BS associated with FHB resistance and its relationship to snow mold disease resistance were investigated using the resistant spring wheat variety 'Sumai 3' and a backcross with the commercial Japanese winter wheat variety 'Kitamoe' that exhibits an agronomically useful level of snow mold disease resistance.
Plant materials and microsatellite marker analysis
Backcrossed and selfed lines derived from the cross ('Sumai 3' × 'Kitamoe') × 'Kitamoe' consisted of 40 BC 1 F 2 plants and their descendant 40 BC 1 F 3 families. 'Sumai 3' is a Chinese spring wheat cultivar known for its high FHB resistance (Gocho et al. 1978) . 'Kitamoe' is a commercial Japanese soft red winter wheat cultivar susceptible to FHB. The 40 BC 1 F 2 plants out of 55 plants were screened individually by the similar level of survival with 'Kitamoe' after the snowmelt, and genomic DNA was extracted from leaf samples using a commercial DNA extraction kit (Mag Extractor Plant Genome, Toyobo Co. Ltd., Japan). A total of 5 microsatellite markers (barc87, barc133, barc 147, gwm533.1 and barc102) reported to be on chromosome 3BS were examined for their polymorphism between the parental lines (Table 1) . Microsatellite markers were amplified by PCR using a 15 ul reaction solution containing 20 ng of DNA, 1x PCR buffer, 0.2 mM of dNTPs, 1.5 mM MgCl 2 , 0.1 u of Taq polymerase (Promega Corp., USA) and 1 pmol each of forward and reverse primers. To amplify SSR, PCR profile started at 94°C for 4 min, followed by 42 cycles of 1 min at 94°C, 1 min at 51°C and 1 min at 72°C, with 10 min at 72°C for final extension. The SSR fragments were separated on 4% (w/v) agarose gels in 1x TAE buffer (pH 8.0) at 120 V for 2 h and were visualized by staining with ethidium bromide. JoinMap, version 4.0 (Biometris, Wageningen, The Netherlands, http://www.joinmap.nl/), was used to construct the wheat microsatellite map.
Evaluation of FHB response and snow mold disease resistance
The 40 BC 1 F 3 families derived from each BC 1 F 2 plant, At anthesis, spikes were spray-inoculated in the evening with 5 ml of a macroconidial suspension of F. graminearum (50,000 conidia mL −1 ) for each plant. Gentle mist was applied using overhead sprinklers every 10 minutes (from 6 am to 6 pm) to maintain a high level of relative humidity until all the materials were scored for FHB severity. The amount of precipitation by simulated rainfall was estimated at about 10 (mm/day). Three weeks after the inoculation, the FHB severity was scored on a scale of 0 to 9 per 20 plants and then mean scores were caluculated as follows: 0 = no damage; 2 = 1-3 spikelets diseased (20%); 4 = 4-5 spikelets diseased (40%); 6 = 6-7 spikelets diseased (60%); 8 = 8-9 spikelets diseased (80%); 9 = almost all or all the spikelets diseased (90% or more), based on the index reported previously (Ban and Suenaga 2000) . The snow mold disease resistance was determined at the regrowth stage in spring, based on the severity associated with natural infection, in which the mean scores of 20 plants in the plot corresponded to visual ratings from 0 to 5 as follows: 0 = no damage; 1 = less than half of the leaves were dead; 2 = half of the leaves and more were dead; 3 = less than half of the stems were dead; 4 = half of the stems or more were dead; 5 = all the plants were dead. The duration of the snow cover for the winter of 2004-2005 was 118 days. The parents, 'Sumai 3' and 'Kitamoe', were used as checks for the response to FHB and snow mold disease. The FHB severity of individual BC 1 F 3 families across the replications was used in subsequent analyse. Analysis of variance was performed and a Tukey-Kramer Multiple range test was used to differentiate means of FHB severitiy among families. Six microsatellite markers on chromosome 3BS were confirmed to be polymorphic between the parental lines (Table 1) . Linkage map of the markers is shown in Fig. 1 . Markers barc133, barc147, gwm533.1 and barc102 with the 'Sumai 3' genotype were associated with a significant reduction of FHB severity on BC 1 F 3 families, unlike marker barc87 (Table 1 ). The length of the region of chromosome 3BS for significant FHB reduction was about 10 cM (Fig. 1) . Even though there was a significant reduction of FHB severity with the 'Sumai 3' genotype, based on the markers barc 133, 147, gwm 533.1 and barc102, the FHB severity of heterozygous BC 1 F 3 families was not significantly different from that of the 'Kitamoe' genotype. This result indicated that the QTL might be expressed as a recessive gene under the background of the winter wheat genotype 'Kitamoe'. The results indicated that marker-assisted selection would be important for identifying the FHB-resistant winter wheat genotypes. However, the expression of FHB-resistance 4.0 ± 1.0 a 4.1 ± 0.8 a 4.4 ± 0.7 a 2.8 ± 0.5 a 2.2 ± 0.5 a 2.5 ± 0.5 a barc133 1 120 110 5 15 20 3.1 ± 0.7 a 4.3 ± 0.9 b 4.3 ± 0.7 b 2.1 ± 0.3 a 2.5 ± 0.6 a 2.5 ± 0.6 a barc147 1 100 120 6 15 19 3.3 ± 0.6 a 4.3 ± 0.8 b 4.4 ± 0.7 b 2.1 ± 0.3 a 2.5 ± 0.7 a 2.6 ± 0.6 a gwm533.1 2 160 110 4 13 23 3.1 ± 0.7 a 4.3 ± 0.9 b 4.3 ± 0.7 b 2.1 ± 0.3 a 2.5 ± 0.7 a 2.5 ± 0.5 a barc102 1 190 160 3 13 24 2.8 ± 0.4 a 4.1 ± 0.9 b 4.4 ± 0.7 b 2.3 ± 0.4 a 2.4 ± 0.6 a 2.5 ± 0.6 a a 1, GrainGenes (http://wheat.pw.usda.gov/GG2/); 2, Röder et al. (1998) b Mean ± standard deviation. Values followed by the same letters are not significantly different between the genotypes within the same microsatellite marker according to Tukey-Kramer multiple range test (P = 0.05). should be different between heterozygous and homozygous genotype lines, and further studies should be carried out to elucidate the mechanism of the resistance expression. In contrast to previous reports on dominant inheritance for the 3BS allele in 'Sumai 3' (Xie et al. 2007 ), our results suggested that the expression of the QTL varied with the genetic background. With the association of FHB resistance and snow mold disease resistance, no significant differences in the snow mold disease resistance were detected between the marker genotypes on chromosome 3BS (Table 1) , indicating that the FHB resistance and winter hardiness were not linked at the QTL.
In previous reports (Bai et al. 1999 , Waldron et al. 1999 , Anderson et al. 2001 , Buerstmayr et al. 2002 , variability for FHB resistance was explained by the fact that the effectiveness of the QTL on 3BS ranged from 15% to 60%, depending on the genetic background, test conditions and FHB assessment method. Our results suggested that the effect on type II resistance (resistance to FHB extension) of Qfhs.ndsu-3BS was expressed under the genetic background of a Japanese winter wheat. However, the heterozygous genotype lines for the QTL were not strongly resistant to FHB, and for marker-assisted selection, it would be useful to identify resistant winter wheat genotypes in early generations. Further investigations should be carried out by increasing the plant numbers to elucidate the effect of other QTLs conferring FHB resistance in 'Sumai 3', as well as its relationship to winter hardiness.
Recently, QTLs of European winter wheat moderately resistant to FHB have been mapped on chromosomes 4AL, 5BL and 6DL (Paillard et al. 2004) , or 1B, 2BL, 6AL and 7BS (Schmolke et al. 2005) . However, the effectiveness of combining the QTLs from spring wheat and winter wheat has not been determined. To enhance the QTL-based FHB resistance in winter wheat, the relative expression of the different QTLs under various relevant genetic backgrounds should also be investigated. Our study showed that markerassisted selection for FHB resistance in backcrossed lines of winter wheat was a useful screening tool. Backcross breeding is a powerful tool to rapidly obtain promising lines for FHB resistance. However, we cannot exclude the possibility that genotypes selected based on the markers may exhibit inferior agronomic traits. The genotype of the selected QTL regions should be validated in future backcrossed generations. Further studies are underway to identify the effect of QTLs in subsequent generations of backcrossed lines.
